Abstract The balance of protein phosphorylation is achieved through the actions of a family of protein serine/ threonine kinases called the mitogen-activated protein kinases (MAPKs). The propagation of MAPK signals is attenuated through the actions of the MAPK phosphatases (MKPs). The MKPs specifically inactivate the MAPKs by direct dephosphorylation. The archetypal MKP family member, MKP-1 has garnered much of the attention amongst its ten other MKP family members. Initially viewed to play a redundant role in the control of MAPK signaling, it is now clear that MKP-1 exerts profound regulatory functions on the immune, metabolic, musculoskeletal and nervous systems. This review focuses on the physiological functions of MKP-1 that have been revealed using mouse genetic approaches. The implications from studies using MKP-1-deficient mice to uncover the role of MKP-1 in disease will be discussed.
Introduction
Protein phosphorylation is a reversible process that is maintained in equilibrium by the actions of protein kinases and protein phosphatases. A major signaling pathway involved in the phosphorylation of proteins and transmission of signals that are initiated by extracellular stimuli is the mitogen-activated protein kinase (MAPK) pathway [1, 2] . The MAPKs are serine/threonine kinases that serve to phosphorylate substrates at a consensus motif defined by Xaa-Ser/Thr-Pro [3] . The MAPKs are activated by MAP kinase kinases that phosphorylate the MAPKs at conserved threonine and tyrosine (Thr-Xaa-Tyr) residues within their activation motif [1] . Mammalian MAPKs are widely expressed and consist of three major groups that are classified based upon sequence similarity, differential activation by agonists and substrate specificity. These MAPKs include the extracellular signal-regulated kinases 1 and 2 (ERK1/2), c-Jun NH 2 -terminal kinases 1, 2 and 3 (JNK1/2/3), and p38a, b, d and c MAPKs [1, [4] [5] [6] . When activated, the MAPKs phosphorylate downstream substrates that regulate vital activities in the control of physiological processes including growth, differentiation, apoptosis, immune function, development and metabolism [1] .
Since both the magnitude and duration of MAPK activity plays an important role in transducing downstream signals in the control of cellular physiology [7] , the inactivation of the MAPKs is as important as its activation. MAPKs are inactivated by dephosphorylation of their conserved regulatory tyrosine and/or threonine residues within the activation loop. Given the dynamic spatio-temporal kinetics of MAPK signaling [8] the most efficient mechanism of MAPK inactivation is mediated through the rapid and direct dephosphorylation of one or both of the regulatory threonine and tyrosine residues [9] . Several phosphatases have been found to dephosphorylate one or both of the conserved threonine and tyrosine residues in the activation loop of the MAPKs to control the magnitude and duration of MAPK activity [9, 10] . The major group of enzymes that mediate MAPK dephosphorylation are those that are members of the protein tyrosine phosphatase superfamily termed the dual-specificity protein phosphatases (DUSPs) [11] (Fig. 1) . The DUSPs contain a subgroup of protein tyrosine phosphatases known as the MAPK phosphatases (MKPs) that directly dephosphorylate the MAPKs specifically on both regulatory threonine and tyrosine residues [12, 13] . In mammals, there are ten active MKP family members all of which dephosphorylate the MAPKs with varying degrees of efficiency [14] (Fig. 1) . MKPs are generally composed of two domains, the MAPKbinding (MKB) domain in the NH 2 -terminus and the dual-specificity phosphatase domain located in the COOHterminus [12] . The COOH-terminus domain is homologous to the prototypic DUSP VH-1 of vaccinia virus [15] . The NH 2 -terminus domain, which is homologous to the rhodanase family of sulphotransferases contains two regions of sequence homology with the catalytic domain of the cdc25 phosphatase ( Fig. 1) . Much of the diversity amongst the MKPs stems from sequences that extend beyond either the PTP or CH2 domains in the COOH-and NH 2 -termini, respectively (Figs. 1, 2).
MKPs are highly specific for the MAPKs and much structural information is now available that provides strong mechanistic insight into the molecular basis for their specificity [16] [17] [18] [19] [20] . Based on their sequence similarity, substrate specificity and sub-cellular localization, the MKPs can be divided into three groups; Type I, Type II, and Type III [14, 21] . Type I MKPs consist of MKP-1/ DUSP1, MKP-2/DUSP4, PAC-1/DUSP2, and hVH3/ DUSP5 [22] [23] [24] [25] . This group of MKPs localizes to the nucleus and is induced by many stimuli that activate the MAPKs. These MKPs play vital roles in the feedback control of MAPK signaling in the nucleus [26] [27] [28] . Type II MKPs selectively dephosphorylate ERK1/2 and include MKP-3/DUSP6, PYST2/DUSP7 and MKP-4/DUSP9 and they are localized to the cytoplasm [29] [30] [31] . Type III consists of MKP-5/DUSP10, MKP-7/DUSP16 and M3/6/ DUSP8 that shuttle between the cytoplasm and nucleus [24, 32, 33] . Despite the fact that the MKPs all have the ability to dephosphorylate the MAPKs, these enzymes show remarkable signaling specificity [11, 34] .
In this review, we will focus on the archetypal member of the MKP family, MKP-1. The physiological roles of MKP-1 and the pathophysiological implications of dysregulated MKP-1 signaling will be reviewed. The function and regulation of MKP-1 will be discussed briefly. However, the reader is directed to more extensive reviews on the structure and regulation of the entire MKP family, which has been discussed comprehensively elsewhere [11] . Much of the data implicating MKP-1 in physiological as well as pathophysiological signaling has been derived from mice lacking the expression of MKP-1. MKP-1-deficient (mkp-1 -/-) mice, which were originally generated by Dorfman et al. [35] , have provided an invaluable model system to study the function of MKP-1 in vivo. Here, we will discuss the current view of the physiological functions of MKP-1 and the implications of MKP-1 dysregulation in disease using animal models. Fig. 1 The dual-specificity protein tyrosine phosphatases. a Shows the family of dualspecificity protein tyrosine phosphatases (DUSPs) represented by three classes based upon their substrate specificity and sub-cellular localization. b Schematic representation of the domain structure of MKP-1. Depicted in the NH 2 terminus is the nucleartargeting/retaining motif, LXXLL, the cdc25A (CH2A) and B (CHs2B) domains and the kinase interaction motif (KIM). The catalytic phosphatase domain is depicted and ERK1/2 phosphorylation sites reside within the C-terminus MKP-1 structure and regulation MKP-1 is also referred to as DUSP1 and is the archetypal member of the MKP family, which was first identified as an immediate-early response gene [23, [36] [37] [38] (Fig. 1) . MKP-1 is expressed in a wide variety of tissues with the highest levels observed in the heart, lungs and liver [36] . MKP-1 is localized exclusively to the nucleus through a discrete NH 2 -terminus LXXLL motif [39] . The catalytic activity of MKP-1 is subject to regulation through its direct interaction with MAPK. Direct binding of ERK1/2, JNK, or p38 MAPK, enhances MKP-1 catalytic activity [40, 41] . MKP-1 mediates its interaction with the MAPKs through a MAPK binding domain or kinase interaction motif [40] . Numerous studies using both in vitro approaches and cultured cells have demonstrated that MKP-1 preferentially dephosphorylates p38 MAPK and JNK and to a much lesser extent ERK1/2 [15, 27, 42, 43] .
The expression, activity, and function of MKP-1 are subject to diverse levels of regulation by extracellular stimuli. The basal expression of MKP-1 in many cell types is relatively low. However, in response to stimuli such as growth factors or stress MKP-1 is rapidly induced as an immediate-early gene [43] . The MAPKs themselves have been shown to be potent inducers of MKP-1 transcriptional activation thereby providing a well-defined negative feedback loop between the MAPKs and MKP-1. In addition to the MAPKs as inducers of MKP-1 expression, it was found that the transcription factor CCAAT/enhancer binding protein-b (C/EBPb) is essential for the induction of MKP-1 in macrophages [44] . Following its transcriptional activation, MKP-1 is dynamically controlled at the level of mRNA stability. It was demonstrated that in response to oxidative stress MKP-1 mRNA stability was enhanced, which, was partly mediated by the RNA binding proteins HuR and NF90 [45, 46] . In contrast, the AU-rich element binding protein tristetraprolin has been found to degrade MKP-1 mRNA [47, 48] . Other second messengers such as calcium also regulate the expression of MKP-1. Fibroblasts treated with the Ca 2? chelating agent BAPTA are significantly impaired in their ability to induce the expression of MKP-1 in response to serum [49] . Zhu et al.
found that MKP-1 expression was inhibited by miR-101, which enhanced p38 MAPK and JNK activation in macrophages [50] . Collectively, these and other studies highlight the complex regulatory mechanisms that are engaged in order to regulate MKP-1 expression.
Additional modes of MKP-1 control occur at the level of protein stability. It has been reported that the stability of MKP-1 is enhanced upon ERK1/2 phosphorylation on serine 359 and serine 364 of MKP-1 [51] . Other studies showed that ERK1/2 phosphorylation on serine 296 of MKP-1 decreased its stability through a proteolysis mechanism involving the ubiquitin ligase SCF Skp2 , thereby prolonging ERK1/2 activity [52, 53] . Although it is clear that ERK1/2 phosphorylates MKP-1 at multiple residues the physiological significance of this phosphorylation on MKP-1-directed feedback on to the MAPKs remains to be fully resolved. More recently, it was shown that MKP-1 was acetylated in response to LPS treatment in macrophages by p300/CBP on lysine 57 within its substrate-binding domain [54] . Acetylation of MKP-1 increases its interaction with p38 MAPK thereby enhancing its phosphatase activity leading to decreased p38 MAPK phosphorylation. Also Kassel et al. showed that glucocorticoids enhanced the expression of MKP-1 transcription and decreased the proteosomal degradation of MKP-1 that was triggered by activation of mast cells [55] . These findings show that MKP-1 is regulated at both the transcriptional and posttranslational levels to control MAPK activity.
MKP-1: a critical signaling node in the MAPK pathway Within the intact organism the MAPKs act simultaneously and in many cases on the same substrate to exert either a positive or negative biological outcome. The complexity of downstream MAPK substrate phosphorylation likely explains, at least in part, how the MAPKs are involved in such a multitude of signaling pathways. Since MKP-1 has the capacity to dephosphorylate multiple MAPKs, within the nucleus, it serves as an important conduit through which the transmission of both positive and negative signals conveyed by the MAPKs is controlled. Physiological and pathophysiological roles of MKP-1 MKP-1 is one of ten MKP family members, and it was not particularly surprising that when deleted in mice neither developmental nor post-developmental phenotypes were observed [35] . To some extent the absence of a phenotype in mice lacking the expression of MKP-1 was generally consistent with the early view that the MKPs would likely play redundant physiological roles since they all were capable of dephosphorylating the MAPKs. Although ERK1/2 signaling was unaltered in fibroblasts derived from MKP-1-deficient mice [35, 56] , work from this laboratory demonstrated that the stress-responsive MAPKs, JNK and p38 MAPK, were enhanced in their levels of activation in these cells [56] . These experiments were the first to demonstrate using genetic approaches an essential role for MKP-1 in the inactivation of the stress-responsive MAPKs.
MKP-1 in the immune system
The MAPKs are responsible for a variety of processes in the immune system including the transcriptional activation of cytokines, chemokines and other inflammatory mediators that are involved in combating infections [57] . Given the longstanding appreciation for the importance of the MAPKs in the immunological system the role that the MKPs played remained unclear until four studies published at around the same time showed that MKP-1 is a critical negative regulator of immunological signaling in macrophages [27, [58] [59] [60] (Fig. 3) . One of the major immunological functions is the defense of the body against pathogens, and that task is charged to the innate immune system. A complex assortment of cell surface receptors, known as the Toll-like receptors (TLRs), signal via pathways leading to the expression of anti-and pro-inflammatory cytokines and chemokines. The MAPK pathway is robustly activated in response to TLR-4 engagement. Using mkp-1 -/-mice as a model system, work form this laboratory [27] along with three others [58] [59] [60] , demonstrated that MKP-1 is a negative regulator of MAPK-mediated inflammatory responses in macrophages and dendritic cells. Importantly, all of these groups demonstrated that in mkp-1 -/-mice MAPK activation was enhanced [27, [58] [59] [60] . We showed that the induction of MKP-1 in response to TLR-4 stimulation is mediated by both myeloid differentiation factor 88 (MyD88) and the TIR domain-containing adaptor-inducing IFN-b (TRIF) [27] . In response to low doses of LPS-induced toxicity, mkp-1 -/-mice displayed substantially higher levels of pro-inflammatory cytokines such as TNF-a, IL-6, IL-12, MCP-1, and IFN-c whereas later on the anti-inflammatory cytokine IL-10 was elevated [27, 59] . These results suggested that MKP-1 was involved in a temporal mode of cytokine regulation where it is initially high enough to suppress p38 MAPK and JNK activities in order to limit pro-inflammatory cytokine production, and then later on, its levels are sufficiently depressed to permit the expression of IL-10, an anti-inflammatory cytokine [27] . This mode of temporal MKP-1 regulation highlights the dynamic (Fig. 3) .
Using a global microarray analysis of approximately 14,000 mouse genes Hammer et al. reported that 608 genes were upregulated in spleen derived from mkp-1 -/-mice compared with wild-type mice following LPS stimulation. These included IL-6 and IL-10 in addition to some chemokines [58] although IFN-c and IL-12 were unchanged in mkp-1 -/-mice [58] . Consistent with the phenotype of enhanced pro-inflammatory cytokines, mkp-1 -/-mice exhibited kidney failure, severe hypotension, inflammatory infiltrates in the lung and other tissues and impaired circulation compared with wild-type mice [61] . These responses are hallmarks of septic shock, which likely accounts for the increased mortality of mkp-1 -/-mice when exposed to LPS [27] .
The role of MKP-1 in protecting against endotoxic insult has been demonstrated in other animal models. In the animal model of periodontitis, which represents a chronic oral inflammation that involves the bone, injection of LPS locally in the palatal region of the oral cavity of mkp-1 -/-mice exacerbates bone loss and induces an enhanced inflammatory response [62] . In addition, osteoclastogenesis was enhanced in mkp-1 -/-mice in local regions associated with increased levels of inflammation. These results suggest that MKP-1 is protective in periodontitis-associated inflammation and bone loss. Similar results where mkp-1 -/-mice have been found to be hypersensitive to challenges with peptidoglycan, lipoteichoic acid, live, or heat-killed Staphylococcus aureus bacteria have been observed [63] .
MKP-1 regulates both pro-and anti-inflammatory cytokines at multiple stages of their biosynthesis. Recently, it was shown that overexpression of MKP-1 decreased the half-lives of IL-6, IL-10 and TNF-a mRNAs in LPS-stimulated rat macrophages [64] . However, in bone marrowderived macrophages from mkp-1 -/-mice the half-lives of IL-6, IL-10, and TNF-a mRNAs were enhanced in comparison with cells from wild-type mice. Interestingly, it was suggested that MKP-1 promoted the translocation of RNA binding proteins from the nucleus to the cytosol in response to LPS [64] . This suggests that MKP-1 may also mediate cytokine mRNA stability by engaging the localization machinery of RNA binding proteins.
Although there has been much work towards understanding the role of MKP-1 in the innate immune response, other hematopoietic cells participate. Mast cells are distributed in many tissues throughout the body and are among the key effector cells in inflammatory reactions and in the innate immune response. Several studies have examined the role of MKP-1 in these cells. It was reported that both dexamethasone and p38 MAPK inhibition repressed stem cell factor-induced migration of rat peritoneal mast cells [65] . Dexamethasone also induced robust expression of MKP-1 and blocked stem cell factorinduced p38 MAPK activation. The study further demonstrated that stem cell factor-induced secretion of inflammatory cytokines was significantly blocked in response to dexamethasone or p38 MAPK inhibition [65] . Another study demonstrated that mkp-1 -/-mice enhanced mast cell degranulation and were highly susceptible to anaphylaxis compared with wild-type mice, although glucocorticoids inhibited these effects [66] . This study also showed that glucocorticoid-mediated inactivation of ERK1/2 by IgE receptor cross-linking was unaffected in bone marrow-derived mast cells from mkp-1 -/-mice. Collectively, these observations suggest that glucocorticoid-induced expression of MKP-1 partly regulates the inflammatory response by inhibiting cytokine secretion.
MKP-1 in adaptive immunity
A considerable amount of evidence has established a role for MKP-1 as a negative regulator of innate immunity. Similar to the innate immune response, adaptive immunity is also regulated by the MAPKs and hence the implication for a role of MKP-1. The thymus is important for the development of functional T cells which is mediated by T cell receptor specificity [67] . It has been demonstrated that the expression of MKP-1 was significantly enhanced during the progression of cells from CD4/CD8-double positive T cells to the CD4 single positive stage [68] . T cells isolated from mkp-1 -/-mice exhibited decreased activation, growth, and Th1 and Th17 function as measured by anti-CD3-induced IL-2 production in vitro, which correlated with increased JNK activation and decreased translocation of NFATc1 into the nucleus [69] . Consistent with this finding the study also showed that mkp-1 -/-mice were deficient in anti-influenza immunity but were unaffected in a model of auto-immune encephalomyelitis [69] . Zhang and co-workers also examined the kinetics of MAPK signaling in response to PMA and ionomycin and found that JNK and ERK1/2 phosphorylation was increased in CD4 ? T-cells derived from mkp-1 -/-mice as compared with wild-type mice [69] . In contrast to ERK1/2 and JNK signaling, p38 MAPK activation was unaltered in CD4
? T-cells in mkp-1 -/-mice as compared with wild-type mice. This suggests that MKP-1 negatively regulates JNK and ERK1/2 signaling in T-cells but not p38 MAPK. This finding is in contrast to the regulation of MAPK by MKP-1 in macrophages further highlighting cell type specific functions of MKP-1.
In a model of severe combined immunodeficiency with endotoxemia in mice Luo et al. found decreased MKP-1 and increased TNF-a mRNA expression in peritoneal macrophages derived from SCID mice in comparison with Diversity and specificity of the mitogen-activated protein kinase phosphatase-1 functions 227 cells from wild-type littermates prior to and following treatment with LPS [70] . Interestingly, when thioglycollate-treated macrophages were co-cultured with pan-Tcells, the expression of MKP-1 mRNA and protein increased and the expression levels of TNF-a and IL-6 were reduced as compared with wild-type macrophages. This suggests that pan-T-cells could indirectly increase the expression of MKP-1 in macrophages thereby regulating the secretion of pro-inflammatory cytokines through an adaptive immune response. Further evidence for a role for MKP-1 in adaptive immunity was provided by Srivastava et al. who reported that the expression of MKP-1 was considerably increased following L. major infection in macrophages whereas, high doses of anti-CD40 reduced the expression of MKP-1 which was associated with increased phosphorylation of p38 MAPK [71] . Also inhibition of MKP-1 expression using triptolide and lentivirally expressed MKP-1 shRNA improved CD40-induced antileishmanial functions and was beneficial to mice prone to L. major infection. These findings suggest that MKP-1 acts a negative regulator of p38 MAPK in L. major microbial pathogenesis. Dendritic cells (DCs) are the main cells responsible for transforming innate signals into adaptive immune responses. However, the mechanisms governing how DCs serve as a conduit between the intrinsic T-cell pathways and the innate immune system remain unclear. Recently, this question was examined by Huang and co-workers who showed a role for MKP-1 in mediating cross-talk between the innate response and the effector T-cell response [72] . These studies demonstrated that MKP-1 expression and activity in DCs were increased in response to signals that mainly elicit the Th1 response, and this correlated with p38 MAPK dephosphorylation in DCs. DCs from mkp-1 -/-mice had a decreased capacity to induce IFN-c production from T cells and the Th1 response, but an increased activity to drive the Th17 response, in comparison with DCs from wild-type mice. Moreover, MKP-1 signaling in DCs regulated the reciprocal induction of Th1 versus Th17 CD4 
MKP-1 in metabolism
Metabolic syndrome is a worldwide problem that constitutes a constellation of pathophysiological syndromes that together increase the risk of developing cardiovascular disease, diabetes and stroke [73] . Although the precise cause for the development of metabolic syndrome is unclear the central associating factors are obesity and insulin resistance [73] . Other risk factors include increasing age, genetic susceptibility, hormonal changes and diet. Because of the growing obesity problem and associated metabolic syndrome there is a substantial amount of effort being made towards identifying the molecules that participate in the regulation of metabolic homeostasis with the long-term goal of identifying potential therapeutic targets. Whether the MKPs influence metabolic homeostasis had remained an open question.
The MAPKs have previously been implicated in the regulation of metabolic homeostasis mainly through targeting the phosphorylation of transcription factors that control processes such as adipogenesis, insulin signaling, glucose uptake, fatty acid metabolism, lipogenesis, and energy expenditure [74] [75] [76] [77] [78] [79] [80] [81] . Although a role for the MKPs in the regulation of metabolic homeostasis seemed likely, it was work from this laboratory that demonstrated that MKP-1 plays an important physiological role in metabolism and potentially a pathophysiological role in the progression of obesity and metabolic syndrome [82] [83] [84] . It is also noteworthy that other MKPs are emerging as important players in metabolic signaling [85, 86] .
We reported that mkp-1 -/-mice on the original C57BL6/Balbc background generated by Dorfman et al. [35] were resistant to weight gain [84] . Even when bred to a pure C57BL/6 background mkp-1 -/-mice remain resistant to weight gain when placed on a high-fat diet arguing against this metabolic phenotype being a result of modifier alleles and/or strain-specific differences [83, 84] . By analyzing the metabolism of these mice we were able to determine that mkp-1 -/-mice expended significantly more energy than wild-type mice despite having equivalent levels of activity. Remarkably, even though mkp-1 -/-mice were lean on a high-fat diet these mice developed glucose intolerance yet remained resistant to the development of hepatic steatosis [84] . Hence, the surprising findings from these studies was that MKP-1 negatively regulates energy expenditure and body mass. How MKP-1 is evoking this effect still remains to be fully resolved. However, several targets of MKP-1-mediated MAPK phosphorylation have been identified [82, 83] that provide, at least in part, some level of an explanation for this phenotype.
Consistent with a role for MKP-1 as a negative regulator of the MAPKs, JNK, and p38 MAPK were found to be enhanced in the liver, white adipose and skeletal muscle tissues of mkp-1 -/-whereas ERK1/2 was enhanced only in the liver [84] . The observation that JNK phosphorylation was enhanced in mkp-1 -/-mice was somewhat at odds with data demonstrating that JNK activation promoted both obesity and insulin resistance [76] . However, we reconciled this by demonstrating that JNK and p38 MAPK activities were enhanced in the nucleus, but not in the cytosol, consistent with the nuclear localization of MKP-1 [39, 84] . Thus, enhanced JNK signaling in the nucleus of the livers of MKP-1-deficient mice occurred independently to that of JNK signaling in the cytosol which was presumably subject to dysfunctional signaling leading to insulin resistance in obese mice (Fig. 4) . These data provided genetic evidence for the concept of compartmentalized MAPK/MKP-1 nuclear signaling and supported the idea that MKP-1 regulates the nuclear pool of MAPKs in a spatially and functionally distinct manner in order to control metabolic homeostasis.
Our lab has also examined the role of MKP-1 in the regulation of skeletal muscle myofiber composition in obesity. An assessment of the oxidative capacity in skeletal muscle revealed that following 16 weeks on a high fat diet, muscle derived from mkp-1 -/-mice had increased oxidative capacity in comparison with wild-type mice [83] . It has been suggested that the switch from oxidative to glycolytic myofibers contributes to obesity, presumably because glycolytic myofibers consume less energy [87] . In mkp-1 -/-mice oxidative myofiber composition is maintained whereas wild-type mice exhibit a significant loss of oxidative myofibers, hence shifting energy balance [83] . We found that during high fat diet-feeding MKP-1 expression is upregulated suggesting that it promotes the loss of oxidative myofiber content an event that could promote susceptibility to metabolic dysfunction. Mechanistically, overexpression of MKP-1 inhibited the expression of PGC-1a, a master regulator of mitochondrial biogenesis and energy expenditure by impairing p38 MAPK-mediated PGC-1a phosphorylation, which reduced both its stability and co-activating activity [83] . Hence, MKP-1 coordinates energy sensing pathways by controlling the ability of p38 MAPK to modulate mitochondrial function through PGC-1a phosphorylation (Fig. 4) .
Studies from this lab have also utilized mkp-1 -/-mice that were intercrossed with the leptin receptor-deficient (db/db) mice to demonstrate that MKP-1 plays an important role in attenuating lipogenesis. When mkp-1 -/-mice were intercrossed with leptin receptor-deficient mice the livers of these mice were markedly less steatotic in comparison with wild-type mice [88] . The resistance to the development of hepatic steatosis was partly due to enhanced hepatic b-oxidation in the livers of db/db;mkp-1 -/- [88] . Interestingly, it was found following a genomewide microarray analysis that the livers of db/db;mkp-1 -/-were enriched for a sub-set of peroxisome proliferatoractivated receptor-c (PPARc) target genes that were highly repressed [88] . In the liver, PPARc expression is relatively low as compared with other tissues in the body [89] . However, PPARc1, which plays an important role in lipid metabolism, is overexpressed in obesity and promotes the development of hepatic steatosis [90] [91] [92] . Hence, the observation that the livers of db/db;mkp-1 -/-mice were resistant to hepatic steatosis is consistent with the idea that MKP-1 regulates lipogenesis through PPARc. The two most highly repressed PPARc target genes identified in db/db;mkp-1 -/-mice were the cell death-inducing DFFA-like effector A (CIDEA) and CIDEC/fat-specific protein 27 (FSP27) [82] . Interestingly, FSP27 is overexpressed in obesity and promotes the accumulation of fat in the liver [92, 93] . Further mechanistic analyses, revealed that MKP-1 attenuated lipogenesis by limiting MAPK phosphorylation of the inhibitory Ser112 residue on PPARc [88] . These data argue for a mechanism whereby MKP-1 is required for PPARc activation (Fig. 4) . Consistent with this, hepatocytes derived from mkp-1 -/-mice when treated with the PPARc agonist, rosiglitazone, are impaired in PPARc activation and lipid droplet formation [88] . These results demonstrate an important role for MKP-1 in promoting hepatic lipid metabolism. It is noteworthy that in our studies and those of others [94] that MKP-1 expression is upregulated in the livers of both diet-induced obese and genetically obese mice suggesting that MKP-1 plays an important role in the progression of fatty liver disease.
Collectively, the studies conducted in our lab [82] [83] [84] imply that inhibition of MKP-1 may provide a novel therapeutic strategy for the treatment of metabolic syndrome. Targeted inhibition of hepatic MKP-1 in obese patients using anti-sense approaches may have therapeutic value in the treatment of hepatic steatosis. Intuitively, MKP-1 inhibition, resulting in enhanced MAPK signaling would be anticipated to be deleterious rather than beneficial in the treatment of metabolic disorders. However, it is important to note that MKP-1 inhibition would result in the enhancement of the nuclear-restricted pool of MAPKs rather than the total cellular MAPK pool, an important distinction that is likely to be one reason that mkp-1 -/-mice exhibit little apparent phenotype under unchallenged conditions [35] . It still needs to be determined whether MKP-1 is overexpressed in obesity and type II diabetes in humans. Provocatively, MKP-1 expression levels are repressed in humans following bariatric surgery [95] , suggesting a correlation between MKP-1 expression and fat mass. It is also unclear which tissue represents the major site through which MKP-1 influences its effect on metabolism. Future work will require metabolic analysis of MKP-1 tissue-specific deleted mice.
MKP-1 in other tissue systems

Cardiovascular system
Atherosclerosis is the major cause of several cardiovascular-related diseases including coronary syndrome and stroke [96] . The MAPK signaling pathway has been implicated in atherogenesis. For example, Ricci et al. demonstrated the involvement of JNK in the formation of foam cells during atherogenesis [97] . It has been shown that in response to an atherogenic diet the expression of MKP-1 mRNA was enhanced in atherosclerotic lesions of ApoE -/-mice [94] . Other studies have shown that mkp-1 -/-mice displayed considerably less aortic root atherosclerotic lesion formation compared with mkp-1 ?/? mice [98] . The reduction in atherosclerosis correlates with reduced plasma levels of IL-1a and TNFa, and enhanced expression levels of the anti-inflammatory cytokine IL-10. In addition, mkp-1 -/-mice have higher levels of plasma SDF-1a that is negatively correlated with atherosclerotic lesion size. Importantly, transplantation of wild-type bone marrow rescued the decreased atherosclerotic lesion observed in mkp-1 -/-mice [98] . This study highlights the involvement of MKP-1 in the pathogenesis of atherosclerosis, which appears to be dependent upon macrophagemediated responses.
In a separate study, mkp-1 -/-/ApoE -/-mice were generated, and this group found that the area of atherosclerotic and en face lesions along the aorta were significantly lower in mkp-1 -/-/ApoE -/-mice when compared with ApoE -/-mice [99] . The lipid profile showed that total cholesterol and very low-density lipoprotein/low-density lipoprotein levels were reduced in comparison with ApoE -/-mice. The authors further showed that MCP-1 serum levels from mkp-1 -/-/ApoE -/-mice was reduced and was associated with a decreased ability to promote monocyte migration in vitro [99] . This suggests that MKP-1 deletion in ApoE -/-mice reduces atherogenesis, which is mediated by decreased macrophage accumulation. Intuitively, one would have anticipated that given the role of MKP-1 in limiting macrophage activation that loss of MKP-1 in ApoE -/-mice would have exacerbated rather than reduced the development of atherosclerotic lesions. This observation exemplifies the difficulty in attempting to ascribe the functional role of MKP-1 in any given system or disease process based either upon its actions in other tissues and/or its propensity to dephosphorylate a particular MAPK. However, the encouraging message here is that inhibition of MKP-1 would be expected to provide a positive therapeutic value in the area of treating atherosclerosis.
Atherosclerotic plaques are generated as a result of the accumulation of different cell types including endothelial cells, macrophages and fibroblasts. Different sites within the blood vessel appear to exhibit either susceptibility or resistance to the development of atherosclerotic plaques. Mice deficient in MKP-1 express increased levels of caspase 3 in endothelial cells at athero-protected sites [100] . Based on these observations, it is suggested that endothelial cells in athero-protected sites exhibit reduced apoptosis as a result of MKP-1-mediated inhibition of JNK. It is not clear why MKP-1 appears to differentially exert its effect on JNK in athero-protected as compared with athero-susceptible sites in the blood vessel. However, one might speculate that it could be related to local environmental stresses exerted on endothelial cells in certain regions of the blood vessel.
Since the MAPKs play a role in cardiac pathophysiology, it is certainly possible that the MKPs are likely to be involved in cardiac disease. However, connecting the effects of MKP-1 in animal model systems to heart disease has proved difficult and few studies have investigated this area. It has been shown that in response to chronic hypoxia, mkp-1 -/-mice had higher right ventricular pressures, right ventricular hypertrophy and enhanced vascular remodeling [101] . Conversely, the right ventricular systolic pressures and the medial wall thickness of vessels were considerably higher in the mkp-1 -/-mice compared with wild-type littermates after 4 weeks of hypobaric hypoxia. In addition, mkp-1 -/-mice displayed decreased levels of eNOS and NO production in the lungs in comparison with wild-type mice following chronic hypoxic exposure. The protein levels of both arginase I and arginase II were increased in the lungs of hypoxic mkp-1 -/-mice compared with wildtype mice [101] . These results suggest that MKP-1 negatively influences the process of vascular remodeling during hypoxia.
MKP-1 in the musculoskeletal system
The musculoskeletal system provides the structural components required for support, structural integrity and locomotion in the body. The musculoskeletal system comprises the skeleton, muscle, tendons, cartilage, ligaments and other connective tissue. The involvement of the MKPs in the musculoskeletal system has been demonstrated specifically in its role in the skeletal muscle system and bone. Skeletal myogenesis occurs during embryogenesis and in adult skeletal muscle after injury [102] . Myogenesis is a finely coordinated and tightly regulated process in which myoblasts, after cycles of replication, fuse into multinucleated myotubes [103] . Adult skeletal muscle fibers are post-mitotic with quiescent satellite cells called muscle stem cells localizing between the sarcolemma and basal lamina. Upon damage, muscle stem cells are activated, undergo cycles of replication and enter into the process of differentiation [102, 103] . Among the many cascades of signaling pathways that regulate myogenesis, the MAPKs, especially p38 MAPK, have been established as critical players [104] [105] [106] [107] [108] [109] [110] [111] [112] . Yet, how the MKPs function during myogenic progression remains to be fully determined.
The first report on the role of the MKPs in skeletal myogenesis was described in studies investigating the actions of MKP-1. We found that when overexpressed in myoblasts MKP-1 induced precocious differentiation in the presence of growth factors that normally suppress differentiation [113] . In contrast, overexpression of MKP-1 during differentiation prevents the formation of multinucleated myotubes [113] . These early findings suggested that MKP-1, and hence the MAPKs, plays distinct roles in myogenic progression. More recently, using mkp-1 -/-mice we showed that MKP-1 is required for regenerative myogenesis [114] . In response to injury, skeletal muscles from mkp-1 -/-mice failed to undergo normal regenerative myogenesis [114] . We noted that muscle stem cells derived from mkp-1 -/-mice were impaired in their ability to proliferate. In addition, within the damaged regenerating area the inflammatory response was enhanced [114] . These results suggested that both the inability of satellite cells to proliferate, in addition to the enhanced inflammatory response, contributed to the failure of mkp-1 -/-mice to respond to injury and repair muscle. The role of the MKPs in skeletal muscle disease has not been well defined. We intercrossed mkp-1 -/-mice with a mouse model of Duchenne muscular dystrophy (mdx mouse) in order to examine the effects of MKP-1 on the dystrophic phenotype. We found that the dystrophic phenotype of the MKP-1-deficient mdx mouse was dramatically exacerbated [114] . These results suggest that MKP-1, and hence the MAPKs, are involved in the progression of dystrophic muscle diseases. However, it is not yet known what the status of MKP-1 expression is in dystrophic muscle and the activities of the MAPKs in dystrophic muscle remains controversial. Further studies examining the expression of MKP-1 and MAPKs in humans with dystrophic muscle disease as well as tissue-specific deletion of MKP-1 in both the macrophage and muscle stem cell lineages will be required to fully understand the role of MKP-1 in muscle wasting diseases.
The maintenance of bone mass occurs through the balance between the activities of bone forming osteoblasts and bone destroying osteoclasts. Using a bone marrow ablation model to study the role of MKP-1 Carlson et al. discovered that MKP-1 negatively regulates bone formation [115] . They showed that following bone marrow ablation, mkp-1 -/-mice exhibited increased total bone content and subcortical bone content [115] . Prior to bone marrow ablation, the basal total bone content between male mkp-1
?/? and mkp-1 -/-mice were equivalent [116] . In mkp-1 -/-female ovariectomized mice bone mass is reduced suggesting that MKP-1 participates in a positive manner to influence bone mass in females [116] . Finally, osteoclasts derived from mkp-1 -/-mice exhibit enhanced MAPK activation in response to receptor activator of nuclear factor-kappab stimulation demonstrating that MKP-1 plays an essential role in attenuating MAPK activation in osteoclasts [116] .
Osteoblasts are bone-forming cells and these cells are in an intimate balance with the actions of the osteoclasts to maintain bone homeostasis. Mahalingam et al. demonstrated that MKP-1-deficient osteoblasts are delayed in their ability to differentiate likely due to the hyperproliferation of MKP-1-deficient osteoblasts [117] . Although these authors suggested a role for MKP-1 in dephosphorylating ERK1/2 in osteoblasts, the involvement of MKP-1 dephosphorylating either p38 MAPK and/or JNK was not excluded. Nevertheless, these studies are supportive of an important role for MKP-1 in bone homeostasis.
MKP-1 in nervous system
There is an overwhelming amount of evidence for the involvement of the MAPKs in the brain [118] . The MAPKs have been implicated in functions such as memory and learning, neuronal plasticity and development. However, the role of MKP-1 in the brain had not been investigated. Two recent studies have shed light on the role of MKP-1 in the brain. Jeannetau et al. [119] showed that the expression of MKP-1 in cultured developing inhibitory and excitatory neurons is low but can be rapidly increased following treatment with brain-derived neurotrophic factor (BDNF) [119] . Furthermore, in response to BDNF, neurons derived from mkp-1 -/-mice displayed reduced primary branch Diversity and specificity of the mitogen-activated protein kinase phosphatase-1 functions 231
formation compared with wild-type neurons. Importantly, JNK activity is prolonged in MKP-1-deficient neurons compared with wild-type cells in response to BDNF suggesting that JNK is a major target of MKP-1 in neurons and that MKP-1 is a downstream target of BDNF signaling that is essential for axonal branching [119] . MKP-1 has also been implicated in pathophysiological processes that occur in the brain. In the hippocampal region of post-mortem human brain taken from patients with major depressive disorders MKP-1 expression is significantly increased [120] . MKP-1 was also enhanced in the hippocampus in a rat model of chronic unpredictable stress, which is a model of depressive behavior [120] . Treatment with anti-depressants stabilizes stress-induced expression of MKP-1 and behavior, and mkp-1 -/-mice developed resistance to stress. In response to chronic unpredictable stress the consumption of sucrose in mkp-1 -/-mice was considerably higher as compared with wild-type littermates [120] . In addition, the phosphorylation of ERK1/2 was substantially increased in the hippocampus of mkp-1 -/-mice in comparison with wild-type mice following chronic unpredictable stress. These studies demonstrated that MKP-1 plays a vital role in the pathophysiology of depressive disorders. Kristiansen et al., found that MKP-1 expression was significantly enhanced after NGF withdrawal in sympathetic neurons [121] . Moreover, overexpression of MKP-1 blocked JNK-mediated phosphorylation of c-Jun and inhibited cell death in sympathetic neurons. In contrast, knockdown of MKP-1 increased NGF withdrawal-induced apoptosis. Kristiansen et al. also demonstrated that at P1, superior cervical ganglia derived from mkp-1 -/-mice displayed significantly increased cell death compared with wild-type mice [121] . These results were argued to explain the reduced sympathetic neuron number in the superior cervical ganglion in mkp-1 -/-mice.
This indicates that in sympathetic neurons MKP-1 inhibits JNK-mediated cell death.
MKP-1 in cancer
The MAPK pathway has figured prominently in the mechanisms of cancer pathogenesis [122] . For this reason, it was suspected that mice lacking MKP-1 expression would exhibit evidence of increased susceptibility to tumorigenesis. However, to date there are no such reports demonstrating that mkp-1 -/-mice display any signs of increased tumorigenesis. Moreover, there is little compelling evidence that altered MKP-1 expression is causal to tumorigenesis in either humans or mouse models of cancer. Nevertheless, there are a plethora of reports citing changes in the expression levels of MKP-1 in various types of human cancers (Table 1) . A survey of the literature reveals that MKP-1 expression is generally increased in a number of human tumors such as gastric adenocarcinoma, breast cancer, non-small cell carcinoma, prostate carcinoma and pancreatic carcinoma (Table 1 ). In contrast, there appear to be few studies citing decreased levels of MKP-1 and in some of these cases, conflicting data also cite increased MKP-1 levels in the same type of cancer. For example, both increased and decreased levels of MKP-1 have been reported in invasive ovarian cancer. In prostate cancer where MKP-1 had been suggested to be overexpressed [123] , others have found MKP-1 expression levels to be initially high in dysplastic prostate lesions and then later to decline in response to increasing levels of estradiol-17b and testosterone which are known to induce prostatic dysplasia [124] . In contrast, Rauhala et al. showed that MKP-1 is downregulated in prostate cancer and that this was linked to reduced cell death [125] . Prostate cancer Increased Magi-Galluzzi et al. [123] Melanoma Increased Kundu et al. [138] Ovarian cancer (invasive) Decreased Manzano et al. [139] Ovarian carcinomas (invasive) Increased Denkert et al. [140] Studies have shown that MKP-1 expression levels can influence tumor growth and survival. Overexpression of MKP-1 decreases the growth rate of non-small cell lung cancer (NSCLC) cells, in addition to cell invasive and migratory abilities that correlated with inhibition of MMP-2 and CXCR4 expression [126] . Xenograft studies in mice using MKP-1 overexpressing H441 cells prevented the development of NSCLC and bone metastasis. Furthermore, following daily oral rosiglitazone treatment, in H441GL-transplanted mice, bone metastasis was inhibited. Treatment with rosiglitazone blocked cell migration and invasion in vitro. MKP-1 has been identified to be a transcriptional target of p53. p53 bound to a consensus p53 binding site located in the second intron of the MKP-1 gene and transactivated MKP-1 [127] . MKP-1 mRNA and protein levels were enhanced in response to p53 activation suggesting that p53 is involved in suppressing MAPK activity. This could potentially play a role in aberrant MAPK activation in tumors with p53 mutations.
Due to the observation that MKP-1 may play a protective role in chemoresistance several studies suggest that MKP-1 inactivation may provide a novel chemotherapeutic strategy to sensitize cancer cell death. Small et al., showed that MKP-1 overexpression decreased caspase activation and DNA fragmentation and increased viability in response to treatment with mechlorethamine, doxorubicin, and paclitaxel which was mediated by JNK inhibition [128] . Sensitivity to these drugs was increased following knockdown of MKP-1 using siRNA. Overexpression of MKP-1 in osteosarcoma cells caused these cells to be more resistant to cisplatin-induced apoptosis and inhibition of MKP-1 expression reversed this effect. A recent study found that in response to luteolin MKP-1 protein expression was reduced in A549 and H460 cells which correlated with increased activation of JNK [129] . The study also showed that overexpression of a degradation-resistant MKP-1 mutant inhibited luteolin-induced cytotoxicity in lung cancer cells [129] . These data suggest that MKP-1 inhibition plays an important role in luteolin-induced JNK phosphorylation and could partly mediate the apoptosis observed in lung cancer cells.
The role of MKP-1 in cancer still remains controversial. Identification of MKP-1-dependent MAPK targets that are altered in their levels of phosphorylation under conditions in which MKP-1 is overexpressed or under expressed in different cancers could provide a molecular road map towards dissecting the mechanism underlying the involvement of MKP-1 in cancer. Presumably, depending upon the nature and stage of the cancer distinct sets of MKP-1-dependent MAPK substrates are being phosphorylated/dephosphorylated which in turn will likely dictate tumor cell fate. More comprehensive analyses of MKP-1-dependent target proteins obtained through proteomic approaches should be performed in order to gather this information. In the absence of these and other types of analyses using genome and proteome-wide approaches much of the information on MKP-1 is cancer will remain correlative. Finally, given the robust role of MKP-1 in the immune system how MKP-1 in this system affects cancer progression should also be investigated. These studies and others once completed should provide a more substantive case for the role of MKP-1 in cancer.
Concluding remarks
Given the central role of the MAPKs in physiological and pathophysiological signaling it is not at all surprising that MKPs figure prominently in these pathways. However, what is surprising is the fact that MKP-1 seems to play such an essential role in MAPK-dependent signaling despite the fact that it is one of ten other MKP family members. This observation highlights the importance of MKP-1 in serving as a critical signaling node for the MAPKs in the nucleus.
MKP-1 clearly plays a profound role in the regulation of the MAPKs in the immune, metabolic, musculoskeletal and nervous systems. Since the role of MKP-1 in the immune system is so critical it will be important to understand how the regulation of MKP-1 in the immune system influences, if at all, the progression of other diseases such as metabolic disease, musculoskeletal diseases, and cancer progression. The progression of these diseases has been linked to the influence of chronic inflammation. Therefore, it will be important to understand the contribution of MKP-1 in the inflammatory system relative to other diseases. Finally, there is growing evidence that targeting MKP-1 pharmacologically may be of value for the treatment of metabolic disease, neurological disorders such as depression and possibly cancer. Future progress in these areas may open up new avenues of therapeutic approaches for these types of diseases.
